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Abstract 

a 

A non-thermal mechanism, relating the radiation emission to the 

rotation of a collapsed star surrounded by a relatively dense plasma in 

the star strong magnetic field, is presented. The fundamental role in 

the process is played: (i) by the electric field component parallel 

to the magnetic field lines which is allowed by the large anomalous 

plasma resistivity; (ii) by the scattering, for instance due to plasma 

collective effects, of the electron parallel energy and momentum into 

transverse (to the n-agnetic field) energy and momentum. Then an 

explanation of pulsar emission and a model for x-ray sources are 

proposed. A mechanism for the acceleration of high energy cosmic rays 

is also suggested. 

, 
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I. In t roduc t ion  

Among t h e  most s t r i k i n g  f e a t u r e s  of p u l s a r  emission are t h e  

sharpness  of t h e  pe r iod  and, i n  many cases, t h e  constancy of t h e  

pu l se  c h a r a c t e r i s t i c s .  These f a c t s  s t r o n g l y  support  t h e  idea  t h a t  

t h e  e m i t t i n g  reg ion  i s  remarkably s m a l l  and stable. '  

d iscovery of t h e  two p u l s a r s  PSR0833 and NP0532 i n  remnants of 

supernovae, 2 ' 3  it has been gene ra l ly  accepted t h a t  p u l s a r s  are 

a s s o c i a t e d  with co l l apsed  o b j e c t s ,  which are most l i k e l y  t o  be neut ron  

s t a r s .  * 
f i c a t i o n  wi th  t h e  s t a r  t h a t  Baade and Minkowski suggested5 as t h e  

co l lapsed  co re  of t h e  Crab Nebula, fol lowing t h e  o r i g i n a l  super- 

Since t h e  

P a r t i c u l a r l y  s i g n i f i c a n t  f o r  NP0532 i s  i t s  o p t i c a l  i d e n t i -  

6 nova theory  advanced by Baade and Zwicky. 

On t h e  b a s i s  of evidence a v a i l a b l e  a t  p r e s e n t  from l abora to ry  

plasmas, w e  propose a plasma mechanism t o  account f o r  t h e  most 

e v i d e n t  p h y s i c a l  c h a r a c t e r i s t i c s  of p u l s a r  emission,  i nc lud ing  t h e  

product ion of x r a y s  and t h e  a c c e l e r a t i o n  of high-energy p a r t i c l e s .  

W e  s h a l l  make s p e c i a l  r e f e rence  t o  t h e  b e s t  known p u l s a r  (NP0532) i n  

t h e  C r a b  Nebula and a l s o  sugges t  an a p p l i c a t i o n  of t h e  same model 

t o  x-ray sources .  
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11. The Plasma Emission Model 

Following t h e  arguments proposed by previous  author^,^ w e  assume t h a t  t h e  

condensed stars assoc ia ted  with pulsars  are s t rongly  magnetized and r ap id ly  

r o t a t i n g ,  as a consequence of g r a v i t a t i o n a l  co l l apse  and of angular momentum 

and magnetic f l u x  conservation. 

t i o n  mechanism and as t h e  p r inc ipa l  energy source f o r  t h e  emission process. I n  

order t o  be cons i s t en t  with t h e  observation of pe r iod ica l ly  spaced r a d i a t i o n  

pulses ,  t he  magnetic f i e l d  is assumed not t o  be symmetric about t he  axis of 

r o t a t i o n ,  f o r  example, a d ipo la r  o r  quadrupolar type with i t s  p r inc ipa l  axis not 

aligned with t h e  axis of ro t a t ion .  

r e l a t i v e l y  dense plasma supported by t h e  magnetic f i e l d  as indicated by t h e  

approximate equilibrium equation 

We use  t h e  r o t a t i o n  as t h e  timer f o r  t h e  pulsa- 

The star i s  assumed t o  be surrounded by a 

7 

n 

n -) e + e2 (ziL - 1 x 2 + m i  - u .  V;liL ) = o  
i 

Here n and n e 

charge number 

accelera t ion ; 

are re spec t ive ly  the  e l ec t ron  and ion dens i ty ,  Z i s  t h e  ion i 

and m i t s  mass; g is  the  perpendicular component of t h e  g rav i ty  
(*> i "&uA 

B i s  t h e  magnetic f i e l d ;  i s  t h e  electric f i e l d  t ransverse  t o  
'cT* 

B; and ,zit - zel t h e  relative v e l o c i t y  of t h e  ions with respect t o  t h e  e l ec t rons  

i n  t h e  same di rec t ion .  The charge separa t ion  Z - n /ni i s  very s m a l l  as w e  s h a l l  

see and, i n  v i r t u e  of t h e  high magnetic f i e l d ,  i t s  e f f e c t ,  which w i l l  tend t o  

,%4A 

e 

p reva i l  over t h a t  of t h e  g r a v i t a t i o n a l  and cen t r i fuga l  f o r c e , i s  compensated by 

a very slow d r i f t  of t h e  ions relative t o  t h e  e lec t rons .  

We now recall t h a t  according t o  S a p  e t  a l ,  i n  a highly condensed star 

superconductivity can occur; therefore ,  t h e  magnetic f i e l d  cannot d i f f u s e  across  

i t ,  but co- ro ta tes  r i g i d l y .  

cy l inder ,  where w r <c7-r  is  t h e  r a d i a l  coord ina te - the  e f f e c t  of e l ec t ron  

Then, i f  we consider the  region in s ide  t h e  l i g h t  

0 

1 as seen in En inertizx frame 
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3 

i n e r t i a  i s  n e g l i g i b l e  and t h e  e l ec t rons  a r e  r i g i d l y  t i e d  t o  t h e  magnetic f i e l d  

l i n e s  and t o  t h e  star ro t a t ion .  

We w i l l  use from here  on the  indices I and I t  t o  denote components perpen- 

d i c u l a r  and parallel  t o  t h e  magnetic f i e l d .  Therefore i n  an i n e r t i a l  frame 

the re  w i l l  be an e l e c t r i c  f i e l d  E L  given by: 

where u = w x r  i s  the  r o t a t i o n  ve loc i ty .  I n  view of t h e  expected low values 

of J, 

"?o "-0 6% 

( the  t ransverse  cur ren t  dens i ty)  t h e  r e s i s t i v e  cont r ibu t ion  of t he  term 

qAJA i s  considered t o  be s m a l l ,  17 ind ica t ing  the  e l e c t r i c a l  r e s i s t i v i t y .  In  

general t h e r e  w i l l  be a l s o  a p a r a l l e l  e l e c t r i c  f i e l d  E I, i n  a co ro ta t ing  frame, 

so t h a t  t he  Poisson's equation is: 

where e(Zn - n ) i s  a r e s idua l  charge separation whose magnitude w i l l  not 

a f f e c t  appreciably our considerations.  This  e l e c t r i c  f i e l d  generates a cur ren t  

along the  B l i n e s  and i s  r e l a t e d  t o  it  by a l a rge  anomalous J"," r e s i s t i v i t y  7 

t h a t  i s  mainly due t o  i n t e r a c t i o n  between p a r t i c l e s  and plasma c o l l e c t i v e  modes 

r a t h e r  than t o  electron-ion c o l l i s i o n s ,  

i e 

an  

where A,, = -e n u ( the  ion cu r ren t  is neg l ig ib l e ) .  We s h a l l  d i scuss  t h e  

evaluation of anomalous r e s i s t i v i t y  eventually and recall t h a t  t h i s  arises 

because of t h e  s t rong  plasma turbulence t h a t  i s  exc i ted  when the  e l ec t ron  flow 

e -et1 

v e l o c i t y  u exceeds certain cr i t ical  values, e 18 

F i r s t ,  w e  no t i ce ,  as pointed out  i n  t h a t  i n  t h e  case of t h e  Crab 

2 Nebula pulsar  wo = 2 x 10 rad/sec and B a t  the  star sur face  i s  l i k e l y  to  be 
- - 1 O I 2  G ,  so t h a t  a t  t h i s  sur face  ( r  = R -20  km) w e  have 
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z 4 x 10l2  v / c m  * (5) 

It is  evident t h a t ,  even i f  E , ,  is  a s m a l l  f r a c t i o n  of El , p a r t i c l e s  can be 

acce lera ted  along t h e  magnetic f i e l d  l i n e s  by a f i e l d  t h a t  is  much l a r g e r  than 

t h a t  of g rav i t a t ion ,  

Second it is  important t o  realize t h a t  mildly r e l a t i v i s t i c  e l ec t rons  

(y = &/mc2 

with maximum power a t  frequencies 

1) l o se  t h e i r  perpendicular ( to  g) energy by cyclotron r ad ia t ion  

7 w a = 1.76 x 10 B sec-' e e 

The t i m e  scale of energy l o s s  from an e l e c t r o n  i s  

8 -2 
T 2.58 x 10 B sec 

-1 For a value of B 3 1 O I 2  G ,  w e  have R = 1-75  x lo1' sec (x-ray band) and e - -16 
T - 2.58 x 10 sec. Clear ly ,  t h i s  energy l o s s  does no t  con t r ad ic t  Eq. (1) 

and does not fo rce  t h e  plasma back t o  t h e  stellar sur face ,  cont ra ry  t o  t h e  con- 

c lus ions  given i n  r e f .  13. 

Third, it i s  poss ib l e  t o  t r a n s f e r  t ransverse  energy again t o  t h e  e l ec t rons  

v i a  plasma c o l l e c t i v e  e f f e c t s  maintained by t h e  p a r a l l e l  electric f i e l d .  

process is well-known i n  plasma physics,  and has been t h e  objec t  of recent  

t heo re t i ca l  works. 10y14 

particle-wave resonance occurs t h a t  l eads  t o  t h e  energy exchange. 

This 

I n  t h e  presence of a plasma wave with frequency w, a 

10,15 

where Ww is  t h e  energy of t h e  excited mode and 

energy. Now A &  = AEII + A & ,  , with A E I I  = m v 8 AV and 

A &  i s  t h e  exchanged p a r t i c l e  '" 

P 

P e 4  ..a# 

A & ,  = no5 R e  ( a  e = e lec t ron  gyro-frequency), and no is an integer.  The 

momentum balance equation i s  
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where k i s  t h e  mode vec to r ,  and A p the  exchanged p a r t i c l e  momentum. 

w e  have A p = A E ~ ,  f Agl, with Ap A/.,. :i = m e A x i ,  

t h e  magnetic f i e l d .  

Again, 
&A. MA 

, and A E ~  is taken up by 
UJ. 

The resonance condi t ion  is  then: 

For w % w ( t h e  e l ec t ron  plasma frequency) and 
Pe  

Eq. (8) then shows t h a t  t h e  ac tua l  energy exchange with the  wave is negl ig ib le .  

Fourth, s ince  a plasma wave with w z w  exis ts  (i.e., i s  not heavily damped) 
Pe  

Only if 

e l ec t rons  p a r t i c i p a t i n g  i n  the  resonance ( 8 )  have t o  be  w e l l  superthermal. 

' ,1 VtheJ Vthe being t h e  e l ec t ron  thermal v e l o c i t y ,  w e  see t h a t  t h e  
P e  

Therefore t h e  e l ec t ron  d i s t r i b u t i o n  f has t o  possess a s i zeab le  ta i l  of super- 

thermal e l ec t rons ,  as i s  expected i n  t h e  presence of longi tudina l  f i e l d s  E,, 

l a r g e r  than t h e  c r i t i c a l  runaway f i e l d  Erun (see Fig. 1). 

is  t h e  f i e l d  f o r  which t h e  e l ec t ron  flow v e l o c i t y ,  as l imi ted  only by e lec t ron-  

W e  recall t h a t  Erun 

ion c o l l i s i o n s ,  would reach t h e  e l ec t ron  thermal ve loc i ty .  So a typ ica l  

runaway" d i s t r i b u t i o n  is a Maxwellian wi th  a long t a i l  of r e l a t i v e l y  few f a s t  I t  

e lec t rons .  This  is  a common s i t u a t i o n  f o r  labora tory  plasmas i n  a s t rong  mag- 

n e t i c  f i e l d  and with an electric f i e l d  E I I  applied along it.16 Notice t h a t  i n  

our case E 

( a f /  a v  # 0, as indica ted  i n  Fig. 1, be a l s o  loca l ized  i n  space. 

w i l l  be a func t ion  of r and we expect t h a t  t h e  regime where 
I t  iErun 

1' v,, = n 
The r e s u l t  of t h e  i n t e r a c t i o n  described above i s  a decrease of longi tudina l  

energy of t h e  e l ec t rons ,  and an  increase  of t h e i r  t ransverse  energy. 

In add i t ion  t o  o r  ins tead  of t h i s  mechanism, p i t c h  angle s c a t t e r i n g  of t h e  

f a s t  p a r t i c l e s  can be provided by simple c o l l i s i o n a l  e f f e c t s ,  which, given the  

high dens i ty  va lues  under cons idera t ion ,  are bound t o  play an important ro le .  
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The t r m s v e r s e  energy  * s  t h e n  e m i t t e d  i n  t h e  f o r m , o f  c y c l c t r o n  

r n d i a t i o n  2nd t h e  power output . -  is evaluated by considering the 

fraction n /n of superthermal electrons, whose total density is n s +  

at any one time are provided with perpendicular energy. 

nE, which E 

Theref ore 

w = 3.08 x B2 nE erg/(sec= cm') (10) 

-2  is the emitted power density at w cv Re. 
commonly obtained for Ell* Erun in laboratory plasmas. l7 For the case of the 

Crab Nebula pulsar the total power emitted is W - 
x-ray frequencies. 

shell of thickness $ above the stellar surface (R = 20 km), we would need: 

Notice that a ratio of ns/n e 10 is 

-1 erg sec , mainly in the 

With B N 1OI2 G and assuming that the emitting region is a 

12 8-1 c*-3 %=: 6.6 x 10 9 

i.e., 

dispersion PBRSWementS Of r a d i o  pulses  a 

=VN 6.6 x 10" c ~ n - ~  if 4 % 10 cm, as it was suggested on the basis of 
18 

Referring to the Maxwellian part of the distribution, we shall assume an 

electron temperature Te$ lo6 OK, in agreement with a commonly accepted esti- 
mate of the temperature at the surface of a neutron star," and a density 

n 3 lo2' cm-3 so that a cutoff at the plasma frequency of the optical radiation 

may be possible, in order to explain the high peaks of pulsed radiation observed 

in this band as we shall later see. Under these conditions, the classical re- 

sistivity caused by ion-electron collision is 

-312 I n k  Ohm-cm , (12) 
-7 = 1.65 x 10 [Te (kev)] %l 

where InA- 32.8 - 1.15 loglo n i- 3 . 5  loglo Te (keV). 

n and Te, we obtain Inn 2~ 6 . 3  and qcl y 3 .3  x 

For the chosen values of 

ohm-cm. We notice that 
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the corresponding runaway crit Pcal field is 

6 n e v  - 3 x 10 V/cm, Erun rcl e the '- 

and in our case we expect Ella E Notice that for Et, << E, and 

n 2 lo2' cm-3 the relative charge separation appearing in Eqs. (1) and (2) 

is of order 10 . 
plasma resistivity can be orders of magnitude higher than that quoted above, 

as a result of wave-particle interactions that transfer parallel energy and 

momentum into transverse energy and momentum and of other processes'' associated, 

for instance, with ion-sound or two stream type instabilities. 

only the former process one can argue that the actual resistivity is of the 

order of 

run' 

e 
-9 Under these conditions, it is well-known2' that the actual 

By considering 

where f is a fast growing function of n /w 

Y 3 x l o 4 ,  and there is little difficulty in building up ne= 10 em , Re/wpe 

a large resistivity and then accepting the existence of a large electric field E,, 

lo So if B s 1OI2 G and e pe' 
20 -3 

at the equilibrium. 

brium gives VttEtt = Jt1V II qan- qany*zi, and i n  view of its dependence 

B, the term vl,qan is certainly # 0. 

Notice that the condition V - J  = 0 inferred by the equili- 
.L 

on 10,11 

As in labomtory experiments, these will be a l s o  few "fu.gitive" 
pfirticles thzt are able to undergo a full Eccelerntion process 2nd  

remc?in unaffected by classical and effective collisions due to 

plRsm8 collective phenomena.l6 So the presence of electric fields 

E,, would a l s o  provide a mechznism for particles to attain very high 
9 1  
L A  

energies and contribute t o  the high energy tail of cosmic rays.  
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a 

111. Appl ica t ion  t o  t h e  P u l s a r  Problem 

We p o i n t  o u t  once more t h a t  t h e  emission and a c c e l e r a t i o n  process  

prev ious ly  descr ibed  i s  e n e r g e t i c a l l y  s u s t a i n e d  by t h e  star 's  r o t a t i o n ,  

which i s  t h e  l a r g e s t  energy source .  A s  many au tho r s  have proposed, 4 

i n  t h e  case of t h e  Crab Nebula p u l s a r  t h e  r o t a t i o n a l  energy i s  l i k e l y  

t o  amount t o  - 1 0  

i n e r t i a )  gm/cm2. Therefore  t h e  p r e s e n t  emission r a t e  could 

be maintained f o r  - 1 0  y .  We a l s o  n o t i c e  t h a t  a l l  of t h e  cond i t ions  

48 e r g ,  i f  wo= 2 x lo2 rad /sec  and I (moment of 

5 

r equ i r ed  f o r  t h e  occurrence of our  mechanism a r e  s a t i s f i e d  q u i t e  

c l o s e  t o  t h e  s t e l l a r  s u r f a c e .  This  w i l l  t hen  ensure  t h e  p e r f e c t  co- 

r o t a t i o n  of t h e  emission reg ion  and t h e r e f o r e  t h e  s t a b i l i t y  of t h e  

p u l s e  per iod  and shape, which are t h e  most important  requirements  

for  any p u l s a r  theory .  

Four more p o i n t s  have t o  be d iscussed:  t h e  o r i g i n  of t h e  

p u l s e s ,  t h e  spectrum of NP0532, t h e  l ack  of o p t i c a l  and x r a d i a t i o n  

from p u l s a r s  o t h e r  than  NP0532, and t h e  slowing down of t h e  pe r iod .  

1. We have assumed t h a t  t h e  considered magnetic c o n f i g u r a t i o n  

does n o t  have i t s  poles  a l igned  on t h e  r o t a t i o n  a x i s .  Thus t h e  

emission process  t h a t  w e  have o u t l i n e d  is  expected t o  be more 

e f f i c i e n t  i n  t h e  rnagnetic p o l a r  r eg ions  where t h e  magnetic f i e l d  

l i n e s  converge. We may recall  t h a t  magnetic s t a r s  show evidence 

of enhanced a c t i v i t y  a t  t h e  p o l a r  r eg ions .  Therefore  w e  would 

expec t  t o  observe a s t r o n g e r  s i g n a l  when t h e s e  p o l a r  reg ions  Doint 

toward t h e  Ea r th  dur ing  t h e  s t a r ' s  r o t a t i o n .  Bohm-Vitense has ,  22  

i n  f a c t ,  shown how a d i p o l a r  s t r u c t u r e  can reasonably e x p l a i n  t h e  

presence of double p u l s e s  and ineerrnediate p u l s e s ,  when r o t a t i o n  

/ enables  u s  t o  see both p o l a r  r eg ions .  B y  means of a quadrupolar  
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s t r u c t u r e  we might a l s o  exp la in  composite pu l se s .  We a l s o  r e c a l l  

t h a t  R e > >  w 

through t h e  plasma and we expec t  t o  ohserve t h e  emission from t h e  

whole s t a r  with enhancement a t  t h e  po le s .  I n  f a c t ,  f o r  t h e  Crab 

Nebula pu l sa r23  t h e  de t ec t ed  x-ray pu l ses  are only - 5% above t h e  

nebula background ( t h a t  w e  cons ide r  t o  be s i g n i f i c a n t l y  con t r ibu ted  

by t h e  d i r e c t  s t a r  emiss.i.on); i n  a d d i t i o n  primary and secondary 

pu l ses  are comparable i n  i n t e n s i t y ,  are q u i t e  wide and not  w e l l  

separa ted .  

so t h a t  x-ray f requencies  can f r e e l y  be t r a n s m i t t e d  
Pe 

2. The proposed cyc lo t ron  r a d i a t i o n  from superthermal 

e l e c t r o n s  i n  a s t r o n g  magnetic f i e l d  can e x p l a i n  t h e  t o t a l  

power emi t ted  by NP0532 i n  t h e  x rays .  The spectrum due t o  

t h i s  process  a lone  i s  expected t o  have a maximum i n  t h e  x-ray 

reg ion ,  s t e e p l y  decreas ing  a t  o p t i c a l  and r a d i o  f requencies ,  

and more slowly decaying i n  t h e  y-ray region.  On t h e  o t h e r  hand, 

p r e s e n t  observa t ions  sugges t  an overal l  spectrum with two d i s -  

t i n c t  maxima: one a t  r a d i o  f r equenc ie s ,  and another  a t  o p t i c a l  

or x-ray frequencies2*.  

non l i n e a r  mode-mode coupling15 would g ive  nonl inear  decay to- 

ward lower f requencies  than  t h e  x band, w i th  s u f f i c i e n t  e f f i c -  

iency t o  e x p l a i n  t h e  l e v e l  of power emi t t ed  i n  t h e  o p t i c a l  and 

r a d i o  s p e c t r a .  This  process  i s  i n e f f e c t i v e  f o r  extending t h e  

For t h i s  w e  n o t i c e  f i r s t  of a l l  t h a t  

spectrum i n  t h e  y reg ion ,  so  t h a t  no comparable power emission 

should be observed i n  t h i s  band. I n  f a c t  t h e  h ighe r  harmonics 

of t h e  cyc lo t ron  mechanism g ive  a d i s t r i b u t i o n  s e v e r a l  o r d e r s  of 

magnitudes below t h e  maximum. 
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Yith r e f e r e n c e  t o  t h e  rcd.io einission we n o t i c e  t ha t  a n o t h e r  

mechmism of  emiss ion  i s  t o  be r e l a t e d  w i t h  the low f requency  

and. t h e  i o n  gyro-frequency) modes that  a r e  
wPe 

( l e s s  t h a n  

induced by t h e  f lowing  c u r r e n t  J,,. There a r e  s e v e r a l  modes of  

t h i s  kind., l o n g i t u d i n a l  o r  t r a n s v e r s e ,  with d i f f e r e n t  d i r e c t i o n s  

o f  p ropcga t ion  r e l z t i v e  t o  t h e  mngnetic f i e l d ,  which have been 

t h e o r e t i c a l l y  i n v e s t i g a t e d  n n d  co r re l a t ed .  w i t h  t h e  experiments .  

F o r  i n s t m c e ,  one o f  t h e s e  i s  due t o  a c u r r e n t  g rad ien t25  dJ,//d.r 

and m o t h e r  one,  of g r e a t e r  i n t e r e s t ,  h a s  f r equency  W + k , $ ~ ~  

b e i n g  o f  i o n  sound wave type ,  o c c u r s  f o r  u 

t u d i n a l ,  pmpagetes a long  t h e  magnetic f i e l d  l i n e s ,  and i s  a s s o c i a t e d  

with e l e c t r o n  thermal  c o n d u c t i v i t y  o r  Landm damping in  

> d K q i  , i s  lonpi -  e l  e 

t h e  same d i r e c t i o n .  ?,lodes of t h i s  kind can i n  turn couple  

t o  t r e n s v e r s e  waves with t y p i c a l  f r e q u e n c i e s  and wavelengths 

f a l l i n g  i n  t h e  observed  r a d i o  spectru-m. So we expec t  a 

s t r o n g  p r e f e r e n t i a l  emiss ion  i n  t h e  d i r e c t i o n  o f  the 

me-etic s x i s  i n  nccordance w i t h  t h e  o b s e r v n t i o n  of  t h e  

o p t i c a l  and r a d i o  high nsr row peaks of MP0532, 25 ,27  

3. Thus f a r ,  t h e  Crab Nebula p u l s a r  i s  t h e  only observed pul-  

sar  emi t t i ng  over  a wide range of f requencies .  A l l  a t tempts  t o  

d e t e c t  o p t i c a l  r a d i a t i o n  from o t h e r  p u l s a r s  have f a i l e d .  From energy 

cons ide ra t ions  and from r e s u l t s  concerning t h e  slowing down of t h e  

per iod  it i s  q u i t e  reasonable  t o  conclude t h a t  only r e l a t i v e l y  young 

p u l s a r s  have x and o p t i c a l  r a d i a t i o n ,  and t h a t  t h i s  phase has  q u i t e  

a s h o r t  l i f e t i m e .  Moreover, s i n c e  r o t a t i o n  i s  t h e  source  of t h e  4 

emi t ted  energy,  w e  may cons ide r  t h e  per iod  as a measure of t h e  

. 
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p u l s a r  age. The per iod  of PSR0833 i s  only approximately t h r e e  t i : z s  

longer  than  t h a t  of NP0532; neve r the l e s s  PSR0833 has only r a d i o  

pu l ses .  Therefore ,  a l though t h e r e  i s  no reason t o  b e l i e v e  t h a t  t h e  

two p u l s a r s  w e r e  born wi th  t h e  same p h y s i c a l  c h a r a c t e r i s t i c s ,  a 

sharp  aging process  would have t o  be  considered,  followed by a 

long r a d i o  phase. For t h i s  purpose,  w e  reca l l  t h a t  t h e  e x i s t e n c e  of 

t h e  plasma c o l l e c t i v e  e f f e c t s  provid ing  p a r t i c l e s  wi th  t r a n s v e r s e  
L 

energy w a s  r e l a t e d  t o  t h e  ex i s t ence  of  a "runaway" regime; t h a t  i s ,  

t o  t h e  presence of a s izeable  t a i l  of  superthermal  e l e c t r o n s  wi th  

non-zero d e r i v a t i v e  f o r  v,, = !de/k,, (Fig.  1) where k,,XDe < 1, hDe 

being t h e  Debye length .  On the  o t h e r  h p i d  ~ 8 ' k n O W  that  the 

appearance of  t h i s  t a i l  i s  a very sha rp  func t ion  of Ell /ErUn,  t y p i c a l l y  

16 of t h e  form 

where Erun i s  given by Eq.  

so  f o r  our  model, and t h a t  Erun i s  rep laced  by 

(13). W e  s h a l l  assume t h a t  t h i s  i s  s t i l l  

t o  (ErUn)ef f  ' Erun 

t a k e  account of t h e  e f f e c t s  of plasma turbulence  and i n t e r p a r t i c l e  

c o l l i s i o n s .  Therefore ,  r a d i a t i o n  emission by ou r  mechanism w i l l  

t a k e  p l a c e  where E,,/ (Erun) e f f  i s  l a r g e r  than  o r  of t h e  o rde r  of 1. 

To e x p l a i n  t h e  t r a n s i t i o n  from t h e  case of NP0532 t o  t h a t  of 

PSR0833, w e  assume t h a t  f o r  t h e  l a t t e r  s t a r ,  because of i t s  i n i t i a l  

cond i t ions  and of aging,  which impl i e s  slowing down of r o t a t i o n  and 

probably dec rease  of Te, t h e  r a t i o  E,,/ (Erun) e f f  i s  no longer  s u f f i c -  

i n e t  t o  main ta in  an adequate popula t ion  of f a s t  p a r t i c l e s  t h a t  make 

t h e  par t ic le-wave resonance r ep resen ted  by Eq. ( 8 )  p r e v a i l  over  

ord inary  Landau damping. This corresponds t o  t h e  resonance w+k,,v,,=Ot 

which gene ra l ly  involves  a cons iderably  l a r g e r  number of p a r t i c l e s  

(Fig.  1) .  Then w e  are l e f t  w i th  t h e  low-frequency modes t h a t  a r e  
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e x c i t e d  by t h e  c u r r e n t  J,, produced by t h e  e lectr ic  f i e l d  E, , ,  whose 

t y p i c a l  f r equenc ie s  are i n  t h e  r a d i o  band, as we  s a i d  above, and 

whose propagat ion i s  s t r o n g l y  c o r r e l a t e d  wi th  t h e  magnetic f i e l d  

d i r e c t i o n .  

po la r i zed  and t h e  h igh ly  r e g u l a r  r o t a t i o n  of t h e  p lane  of p o l a r i z a t i o n  

du r ing  a p u l s e  of PSR0833 (Vela) could be r e l a t e d  t o  t h e  r i g i d  r o t a t i o n  

of t h e  magnetic f i e l d  l i n e s .  28  

So t h e  r e s u l t i n g  t r a n s v e r s e  waves could be l i n e a r l y  

4 .  A s  w e  have i n d i c a t e d ,  t h e  plasma emission i s  n o t  t h e  only 

energy lo s s  of t h e  s tar ;  i n  fac t ,  t h e  most e f f i c i e n t  loss  i s  prob- 

ab ly  t h e  magnetic mul t ipo le  r a d i a t i o n .  I n  f a c t  w e  can e v a l u a t e  t h e  

d i p o l e  29 '30  r a d i a t i o n  t o  be - l o 3 '  erg /sec  f o r  a value of Bsurf - 10I2G. 
With reasonable  assumptions on t h e  phys ica l  parameter of t h e  s t a r ,  

t h e s e  forms of r a d i a t i o n  could e x p l a i n  q u i t e  w e l l  t h e  lengthening of 

t h e  Crab Nebula p u l s a r  p e r i o d ,  b u t  they s e e m  t o  be i n  c o n t r a d i c t i o n  

wi th  recent experimental  work on t h e  second d e r i v a t i v e  of t h e  per iod.  

I f  t h e s e  r e s u l t s  a r e  confirmed, a quadrupole r a d i a t i o n  would appear 

t o  be more s u i t a b l e .  32 

quadrupole r a d i a t i o n  emission,  which s e e m s  t o  be compatible wi th  a 

31  

Therefore  w e  sugges t  a r o t a t i n g  magnetic 

simple geometry and reasonable  magnet izat ion d e n s i t i e s .  W e  n o t i c e  

t h a t  t h i s  type  of emission i s  c h a r a c t e r i z e d  by very l o w  f r equenc ie s ,  

and i s  t h e r e f o r e  completely absorbed by t h e  nebula  o r  t h e  i n t e r s t e l l a r  

gas surrounding t h e  s t a r .  

Q 
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IV. Discussion 

We summarize our conclusions as follows. 

1. A sequence of plasma processes, which have been observed througl 

laboratory experiment and theoretically investigated, can account for 
L 

pulsar and x-ray emission on the basis of the large rotational energy 

and the high values of magnetic field that are associated with a 

collapsed star. 

2. The considered process for radiation emission occurs close to 

the star, within the "light speed cylinder" (Rc = c/wo), where the 

particles are rigidlv tied to the rotating magnetic field lines. This 

is important to explain the rigorous synchronism of the pulse sequence 

for the pulsar emission and the regular pattern of the radiation 

polarization. 

3 .  The frequency range of maximum emission, for a given rotation 

frequency, depends on the intensity of the magnetic field, and, there- 

fore, is related to Re 

E,,/Erun' Erun being the critical runaway electric field, which controls 

the magnitude of the superthermal tail in the electron distribution 

function. S o  for the Crab Nebula pulsar, if B - LO G, as indirect 

-the electron gyrofrequency- an6 to the ratio 

12 

theoretical results seem to suggest, the maximum of the spectrum can 

be expected to be in the x-ray region (fie =: 

comparable radiation should be detectable in the y rays. 

rad/sec), and no 

4 .  The optical radiation emission is considered to be strongly 

correlated with the x-emission and resulting for instance from a non 

linear process of mode-mode coupling (frequency decay) that leads to 

emission at lower frequencies and withconsiderably smaller energy output 

This is consistent with the fact that for the Crab Nebula pulsar, the 



- 14 - 
ratio of energy emitted at x-ray frequency to that emitted at lower 

frequencies is large. The emission in the radio band can also be 

contributed by a similar process, hut in addition the contribution of 

plasma low frequency modes, excited by the current longitudinal to the 

magnetic field, has to be considered. We also notice that the thick 

plasma surrounding the collapsed star provides absorption below the 

plasma frequency for propagation acroSs the magnetic field. Hence, 

referring to the Crab Nehula pulsar, we expect little absorption for 

the x rays and considerable absorption €or the optical anduppep 

r a d i o  b m d s ,  that  v m  c o n s i d e r  as r e s u l t i n g  T.om a p r o c e s s  o f  f requency  

de c ay-. 

above the general background that we consider significantly contributed 

by the star emission, are wider than the optical pulsest and are 

accompanied by a secondary pulse of the same magnitude. On the 

c o n t r a r y ,  t h e  o p t i c a l  and r a d i o  p u l s e s ,  a t  t h e  upper  hand o f  t he  r a d i o  

spectrum, Gre q u i t e  narrow and w e l l  above t h e  s t a r  background. The 

lower  end of t h e  r a d i o  spectrum could. i n s t e a d  be a t t r i b u t e d  t o  t h e  

low frequency modes s o  t h a t  t h e  p r o g r e s s i v e  p u l s e  widening as t h e  

f requency  dec reases  mr;y be j u s t i f i e d .  

Thus we can explain why the x-ray pulses are only -5% 

5. The sharp transition f m m  a Crab-type pulsar to a Vela-tYPe 

pulsar, characterized by a shift of the maximum ofemission from x rays 

to radio waves, is internreted as being due to a decrease of the value 

of EII/ErUn, which causes the high-energy tail of superthermal electrons 

to be depleted and the mildly relativistic cyclotron emission in the 

x-ray region to stop. Under these conditions, only low-frequency 

modes, driven by the current longitudinal to the magnetic field, survive. 

Hence, we can expect a strongly enhanced radio emission in the direction of 

the magnetic axes so that the plane of polarization is strongly referred 

to the magnetic lines. _ S o  during the rokation this plane sweeps across 

the signal, as observed in PSR0833. 

4 



-15- 

6. We recall that the Crab Nebula appears as an extended x-ray source, 

whose power is hc 10 times larger than the pulsed component, and also as an 

optical and radio source. Many efforts have been made to explain this emission 

on the basis of synchrotron mechanism by highly relativistic electrons in the 

nebula magnetic field.33 The main difficulty in all the models proposed so far 

is the requirement of a continuous injection of high energy electrons. 

our model provides a relatively small population of electrons which, under the 

influence of E,,, are able to escape the effects of interparticle collisions and 

plasma collective phenomena attaining very high energies ( y > )  1). These fast 

electrons are then slowed down by synchrotron emission while travelling across 

the nebula and contribute to the extended radiation emission that is observed. 

Additional processes of particle acceleration connected with the rotation 

of a multipolar magnetic field are likely to take place around and outside the 

"1 ight speed cylinder" (Rc = c/wo); in this case both mildly and highly rela- 

tivistic accelerated electrons can be supplied. 

two principal acceleration mechanisms would be to provide particles for the 

synchrotron emission from the Nebula on a very large spectrum. 

For this 

So the overall effect of these 

7. The particles that are able to escape the effects of interparticle 

collisions and plasma collective effects, undergoing almost free acceleration 

by E,, close to the star and are not affected by the nebula, will then contri- 

bute to the high-energy tail of the cosmic-ray spectrum. 

values of rotation and magnetic field of a collapsed star can provide a mechanism 

for high-energy particle acceleration, with the consequence that a sizable 

cosmic-ray anisotropy should be present at very high energies. 

So, the combined high 

8 .  Finally we point out the possibility of interpreting other x-ray 

sources33 in terms of rotating collapsed bodies. 

optical counterpart of Scorpio Xl do in fact suggest that this is actually a 

neutron star or a white dwarf.34 Again for Scorpio X1 radio emission is also 

Observational results on the 
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detected.  35 Our mechanism could then be c o r r e c t l y  appl ied  t o  t h e  i n t e r p r e t a -  

t i o n  of point x sources; they would d i f f e r  from NP0532 mainly f o r  t h e  absence 

of the  regular  pulse pa t te rn .  

spec ia l  regions of enhanced emission, e i t h e r  because no magnetic po la r  regions 

are present o r  because w e  are never swept by the  po la r  beams. 

observe the  steady emission of x rays  and, depending on t h e  plasma dens i ty  around 

the star, a l s o  rad io  and o p t i c a l  emission. The absence of a nebula i n  t h e  

v i c i n i t y  of t h e  star would i n  these  cases make t h e  source be po in t - l i ke  t o  t h e  

observation. 

This could be due t o  l a c k  of observations of 

We would then 
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Note: The importance of t h e  frequency R e ,  i n  t h e  magnetic f i e l d  

close t o  a co l lapsed  s t a r ,  f o r  t h e  p u l s a r  emission process  and 

t h e  consequent p r e d i c t i o n  of t h e  observa t ion  of pulsed x r ays  from 

NP0532 were r epor t ed  by t h e  au thors  i n  a paper  given a t  t h e  Meeting 

on t h e  Phys ica l  Aspect of Pu l sa r s  (Scuola Normale Super iore ,  P i sa ,  

I t a l y ,  A p r i l  1 9 6 9 ) .  
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